ABSTRACT A doseÐresponse relationship was not observed in olive fruit ßy, Bactrocera oleae (Gmelin), larvae exposed to acetic acid concentrations (0 Ð2.5%) used in commercial brine solutions to cure olives. Immersion in a 1% acetic acid brine solution impeded emergence of the immature stages. A 1-wk exposure of olives infested with olive fruit ßy larvae to low-temperature storage as a postharvest treatment at 0 Ð1ЊC resulted in 8% survival of the population, and exposures of 2 through 5 wk further reduced pupal and adult emergence to Ͻ1.0%. One-to 2-wk exposures at 2Ð3ЊC resulted in a signiÞcant decrease in survival from 20 to 3%, respectively, and longer durations of 3Ð5 wk reduced survival to Ͻ1.0%. Mean daily fruit pulp temperatures in olives in the top, middle, and bottom of plastic bins stored at 2Ð3ЊC decreased by 5Ð 8ЊC from the Þrst to the second day. Lowest temperatures were observed in the top, and highest temperatures were observed in the middle layer of fruit, which attained a mean temperature of 3.8ЊC on day 5. Laboratory choice tests showed that olive fruit ßy oviposited at a higher rate in late season Mission olives that were green than in fruit that were in the red blush maturity stage in tests with 1-and 3Ð 4-d exposure periods, and an increase in duration of exposure was related to an increase in the total number of ovipositional sites. Higher percentages of olive fruit ßy third instars, pupae, and adults were reared from green fruit than from fruit in the red blush stage after a 1-d exposure to oviposition. Manzanillo olives were more attractive for oviposition by olive fruit ßy than Mission olives, and signiÞcantly more third instars, pupae, and adults developed in Manzanillo fruit than in Mission fruit in the red blush stage. These differences were related to the better quality and higher ßesh content of the Manzanillo versus Mission olives used in the tests.
OLIVE FRUIT FLY, Bactrocera oleae (Gmelin), was Þrst detected in California in October 1998 in Los Angeles (Rice 2000) . Since this Þrst capture, high populations of olive fruit ßy have been found in the southern coastal areas of the state. Low numbers of olive fruit ßy adults were later discovered in the San Joaquin Valley of California where the nationÕs olives, Olea europaea L., are produced. Initial control methods emphasized quarantine strategies to prevent further spread of the olive pest from infested areas into northern California where olives are processed for canning.
Low-temperature storage was found to cause high mortality of the immature stages of walnut husk ßy, Rhagoletis completa Cresson, and was investigated as a quarantine treatment for stone fruit shipped from California (Yokoyama and Miller 1996) . Olives can be stored at low temperatures (Kader 1992) , but the effect of long-term low-temperature storage on olive fruit ßy survival has not been determined. Fletcher and Kapatos (1983) reported the lower threshold was 12ЊC for olive fruit ßy ovarian development. The lower threshold for development of olive fruit ßy eggs, larvae, and pupae were reported by Tsitsipis (1977 Tsitsipis ( , 1980 as 7.5Ð10.0, 7.65, and 9.1ЊC, and by Fletcher and Kapatos (1982) as 6.3, 8, and 8ЊC, respectively . Based on these previous investigations, long-term low-temperature storage at 0 Ð3ЊC may have potential to control the pest in fruit.
After harvest, olives used for canning are stored in a brine of edible acid solution, which allows preservation without fermentation before pickling with sodium hydroxide . The effect of storage brines on olive fruit ßy survival needs evaluation as a containment and control method.
Relationships between olive fruit ßy and its host have not been studied in California. Studies in Italy (Dominici et al. 1986) and Greece (Neuenschwander and Michelakis 1978, Katsoyannos and Pittara 1983) have shown the importance of fruit size for oviposition and that large fruit were attacked more readily than small fruit (Dominici et al. 1986, Neuenschwander and Michelakis 1978) . Five olive cultivars are used commercially in California (Sutter 1994) for canning and This article reports the results of research only. Mention of a proprietary product does not constitute an endorsement or recommendation for its use by the USDA.oil production. The susceptibility of these cultivars to olive fruit ßy needs investigation to determine the potential to support high insect populations and the need for quarantine treatments for infested fruit.
The objective of this research is to investigate lowtemperature and fruit pulp temperature in cold storage, brine solutions, and hostÐinsect relationships as control strategies for olive fruit ßy in olives that are shipped to different areas in California and used for canning and oil. . The infested fruit, pupae, and adults were contained in a screened laboratory.
Materials and Methods

Source
Brine Solutions. Brine solutions (0, 0.5, 1.0, 1.5, 2.0, and 2.5% acetic acid) (glacial, ACS reagent, SigmaAldrich, St. Louis, MO) were tested for toxicity to olive fruit ßy larvae and pupae that had been removed from infested fruit. Water was used as a control. The insects were placed in 50-ml polystyrene centrifuge tubes. Ten milliliters of water or brine solution was added to the tube. Test insects were immersed in the water or in the brine solution for durations of 10, 30, 60, 90 min or 72 h. At the end of each exposure, the contents of the test tube were poured through a screen to collect the larvae and pupae. The insects were transferred to moistened Þlter paper in plastic petri dishes (9 cm in diameter). The larvae were provided a longitudinal third of an olive for food. The insects were held at Ϸ21ЊC for 26 Ð 40 d, and survival of larvae and pupae was determined by development to the pupal and adult stages, respectively.
The effect of a brine solution (1% acetic acid) on containment of the immature stages of olive fruit ßy was determined by placing Ϸ1.13 kg of infested fruit in a 3.79-liter clear plastic jar (model 3144, Rubbermaid, Wooster, OH). Each jar was considered a replicate. Approximately 2 liters of brine was added to each jar (three replicates). Jars used for controls (three replicates) contained the same amount of infested fruit without the brine solution. Larvae and pupae in all jars were counted 1 d after immersion in brine. Thereafter, emergence of larvae was determined every 24 h for 15 d in each jar and reported as the mean Ϯ SEM of the three replicates at 5, 10, and 15 d.
Insect Mortality in Low-Temperature Storage. The effect of low-temperature storage on survival of olive fruit ßy was determined in laboratory tests. In these tests, corrugated cardboard (2 cm in width by 2 cm in length) used for a larval pupation site was placed at the bottom of a clear plastic cup (33-ml capacity, model P100, Solo, Urbana, IL). Three or four infested fruit collected from the Þeld were placed on top of the cardboard in the cup and covered with a lid. The cups were placed in a plastic holder tray (30 cups per tray, BioServ, Frenchtown, NJ). Six trays of infested fruit were prepared for each exposure period of 1, 2, 3, 4, or 5 wk at 0Ð1ЊC. Five to six trays were prepared for each of the weekly exposure periods from 1 to 5 wk at 2Ð3ЊC. The trays were placed in low-temperature storage at 0 Ð1 or 2Ð3ЊC. At the end of each weekly exposure period, Þve to six trays were removed from lowtemperature storage and held at 21Ð22ЊC for Ն45 d. Six trays used for controls were not exposed to low-temperature storage and held at 21Ð22ЊC for each of the two temperatures tested. The procedure was replicated three times for each temperature.
After a minimum of 45 d, the total number of pupae and adults in each replicate was recorded. Percentage of mortality was calculated by the total number of pupae and adults in each replicate divided by the total number that emerged from the controls, multiplied by 100. The results were reported as the mean Ϯ SEM percentage mortality of the three replicates for each duration of exposure at the two temperatures. Means among the durations of exposure for each temperature were separated using TukeyÕs test (GraphPad Software 1996) .
Fruit Pulp Temperature in Cold Storage. Temperature loggers (model XTI08, Stowaway, Logan, UT) with external thermistors (model TMC6 Ð1T, Stowaway) on extension cables (1.8 m in length) were used to determine the temperature of harvested olives during low-temperature storage. The thermistor was placed into the ßesh of an olive and taped in place. Two plastic fruit bins (Ϸ93 cm in width by 114 cm in length by 65 cm in height) were Þlled with late season Mission type olives to a depth of Ϸ53 cm. As each of the two bins were Þlled, two temperature loggers with the thermistors embedded in olives were placed among the fruit in the bin at each of three depths from the surface as follows: top level, 7.6 Ð15.2 cm; middle level, 22.9 Ð30.5 cm; and bottom level, 38.1Ð 45.7 cm. The olives with thermistors were placed the following distances from the side of the bins: top and bottom, 12.7Ð27.9 cm; and middle, 45.7Ð 48.3 cm. The bins were placed in a walk-in cold storage room (284 cm in width by 276 cm in length by 279 cm in height) (Imperial Manufacturing, Portland, OR) at 2Ð3ЊC. Temperatures were recorded every 2.0 min and reported as the daily mean Ϯ SEM of the four determinations (two determinations per each of two bins) for 5 d.
Host-Insect Relationships. Oviposition and development to the third instar, pupal, and adult stage of olive fruit ßy in late-season fruit were investigated in laboratory choice tests. Adults were placed in cages (46 cm in width by 46 cm in length by 46 cm in height) (model 1450C, BioQuip Products, Rancho Dominguez, CA) and fed a 5% sucrose solution, and a protein hydrolysate solution described by Yokoyama et al. (1992) . Fruit in different stages of maturity according to color (Martin et al. 1994) were picked from trees of the Mission and Manzanillo cultivars.
In choice tests to compare acceptability of fruit by maturity, olive fruit ßy adults were placed in cages with Mission olives that were in the green and red blush stage (15 fruit of each color). The fruit was exposed to oviposition for 1 or 3Ð 4 d by 11Ð26-d-old adults (75) or 4 Ð21-d-old adults (100 Ð125), respectively.
In choice tests to compare acceptability of fruit by cultivar, olive fruit ßy adults were placed in cages with Mission and Manzanillo olives (15 fruit of each cultivar) that were in the red blush stage. The fruit was exposed to oviposition for 2Ð3 d by 14 Ð32-d-old adults (50).
Each choice test was replicated three times. The number of ovipositional sites was determined on each fruit after each exposure period. The fruit was held at Ϸ21Ð22ЊC in plastic containers (22 cm in width by 32 cm in length by 13 cm in height) covered with cloth. The total number of ovipositional sites and total number of third instars, pupae, and adults that emerged from the fruit in all choice tests was reported as the percentage (mean Ϯ SEM) of the three replicates. Means in each choice test were compared by an unpaired two-tail t-test.
Results and Discussion
Brine Solutions. A doseÐresponse relationship was not observed in larvae exposed to acetic acid concentrations used commercially (0 Ð2.5%). Larval mortality ranged from Ϸ0 Ð20% in controls and all brine solutions. Development to the pupal stage and adult emergence from larvae and pupae exposed to 0.5Ð2.5% brine was similar to that of larvae and pupae exposed to water alone at each duration tested (10 min to 72 h). Pupae exposed to water or brine solutions for 72 h did not develop to the adult stage. Insect survival seemed to be affected by duration of exposure to water or brine rather than to the acetic acid concentration.
Results of tests to determine the effect of a 1% brine solution on containment of olive fruit ßy in infested olives are shown in Table 1 . Immersion in brine impeded emergence of the immature stages in comparison with infested fruit in controls in which large numbers of insects emerged over 15 d. Larvae and pupae in test jars with brine 1 d after immersion probably emerged or pupated before submersion because the number did not change over the 15-d observation period and was subtracted from the total number observed on each evaluation date.
Immersion in brine may be a method to transport olives from areas infested with olive fruit ßy to areas that are not infested or have very low populations of the pest. Shipping fruit in brine solutions will greatly increase handling costs.
Low-Temperature Storage. Development of olive fruit ßy in olives at 21Ð22ЊC in controls required Ϸ2 wk from the egg to the pupal stage in the laboratory. More than one olive fruit ßy larva developed to the adult stage from a single fruit. The mean number of adults reared per fruit in controls collected from Santa Barbara on 18 October 2000 was 1.7 adults per fruit.
Based on the controls in which very high numbers of olive fruit ßy adults were reared from the infested fruit, a 1-wk exposure to low-temperature storage at 0Ð1ЊC resulted in only 8% survival of the population (Table 2) . Exposures of 2 through 5 wk further reduced pupal and adult emergence to Ͻ1.0%. Lowtemperature storage at 2Ð3ЊC for 1 or 2 wk resulted in a higher percentage of survival, 20.5 and 3.0%, respectively, to the pupal and adult stages than storage at 0Ð1ЊC for the same duration. A signiÞcant decrease in survival was observed from 1-to 2-wk exposures at 2Ð3ЊC, and longer durations of 3Ð5 wk reduced survival to Ͻ1.0%.
Low-temperature storage has great potential for postharvest control of olive fruit ßy in olives. Exposures of Ͼ1 wk at 0Ð1ЊC and 2 wk at 2Ð3ЊC will cause high mortality of insects in the fruit. Use of low-temperature storage as a quarantine treatment for olive fruit ßy may be limited by the occurrence of a low number of survivors after a 5-wk exposure, the possibility of insect acclimation (Fletcher and Zervas 1977) , and the potential for chilling injury of the fruit (Kader 1992) . Kader et al. (1990) showed that storing Manzanillo olives at 0 and 2.2ЊC caused chilling injury after 2 and 5 wk, respectively.
Walnut husk ßy, an endemic fruit ßy in the United States, also showed low survival after exposure to low temperatures for 3 wk (Yokoyama and Miller 1996) . Table 3 . The mean daily temperatures of fruit at the top, middle, and bottom of the bin rapidly decreased by 5Ð 8ЊC from the Þrst to the second day in low-temperature storage. Temperatures decreased in all levels of the bin by 0.5Ð2.1ЊC from the second to the third day, by 0.2Ð 0.4ЊC from the third to the fourth day, and by 0 Ð 0.1ЊC on the fourth to the Þfth day. Lowest temperatures were observed in the top layer of fruit, and highest temperatures were observed in the middle of the bin. The center of the bin had an average temperature of 3.8ЊC on day 5, which is higher than the 2Ð3ЊC needed to attain 100% mortality of the immature stages of olive fruit ßy after 5 wk in low-temperature storage (Table  2) .
Host-Insect Relationships. Choice tests in the laboratory showed that olive fruit ßy oviposited more frequently in late season Mission olives that were green than in fruit that were in the red blush maturity stage in tests with 1-and 3Ð 4-d exposure periods (Table 4 ). An increase in exposure was related to an increase in the total number of ovipositional sites on the same number of fruit in each test. Green fruit may be more attractive to olive fruit ßy because the fruit will be more suitable for immature growth and development for a longer period of time than fruit that is more mature. Yokoyama and Miller (1993) considered oviposition on immature fruits to be an adaptation that allows completion of the life cycle before fruits fall to the ground. Table 4 shows that a greater number olive fruit ßy third instars, pupae, and adults were reared from green fruit than from fruit in the red blush stage after a 1-d exposure to oviposition. As the exposure period increased, the total number of insects reared from the fruit decreased. Crowding due to increased oviposition and a reduction in available food for hatched larvae may have caused the decline. Fruit used in these investigations were collected late in the production season. Olive fruit ßy may show different responses to fruit produced during other periods of maturity.
Manzanillo olives were more attractive for oviposition by olive fruit ßy than Mission olives in laboratory choice tests (Table 5 ). SigniÞcantly more third instars, pupae, and adults developed in Manzanillo fruit than in Mission fruit in the red blush stage. The oil content of Manzanillo and Mission olives is 15Ð26 and 19 Ð24%, respectively (Sibbett et al. 1994 ), but the Manzanillo olive has a higher ßesh-to-pit ratio (Sutter 1994 ). The quality of the Manzanillo olives used in these tests was better than the Mission olives, and the larger Manzanillo olives may have supported greater larval development than the smaller Mission olives. Studies that show a cultivar may be more susceptible to olive fruit ßy infestations suggests that Þeld and postharvest procedures should be implemented to mitigate infestation levels before processing the fruit. IdentiÞcation of factors that are related to fruit susceptibility to insect infestation can help determine the need for quarantine treatments in the future. Food And Agriculture, Santa Barbara, CA) for assistance with this project. The research was funded in part by the California Olive Committee, Fresno, CA.
